The wood frog Rana sylvatica survives for weeks during winter hibernation with up to 65% body water frozen as ice. Natural freeze tolerance includes both seasonal and freeze-induced molecular adaptations that control ice formation, deal with long-term ischemia, regulate cell volume changes, and protect macromolecules. This report identifies and characterizes a novel freeze-inducible gene, li16, that codes for a protein of 115 amino acids. Northern blot analysis showed that li16 transcript levels rose quickly during freezing to reach levels 3.7-fold higher than control values after 24 h; immunoblotting showed a parallel 2.4-fold rise in Li16 protein.
A lthough alien to humans, winter survival for a surprisingly large number of animal and plant species includes the ability to endure ice formation in body tissues. Freeze-tolerant animals can endure the conversion of as much as 65-70% of total body water into extracellular ice, and many organisms can spend weeks or months frozen with all vital signs interrupted (1) . Freezing places multiple stresses on cells and tissues including 1) the potential for physical damage to delicate tissues from ice crystals, 2) a steep decrease in cell volume and an increase in intracellular osmolality and ionic strength resulting from the loss of cell water into extracellular ice, and 3) prolonged periods of ischemia and anoxia caused by the interruption of breathing and circulation. A number of species of amphibians and reptiles that hibernate on land have developed freeze tolerance (2) . Best known of these is the wood frog Rana sylvatica, which has been extensively used as a model for studies of the physiological, biochemical, and gene adaptations that support natural freezing survival (1) (2) (3) . Information gathered from freezetolerant vertebrates can have valuable application for the development of tissue and organ cryopreservation technology in medicine.
Freeze tolerance is aided by a variety of biochemical adaptations. Prominent among these is the accumulation of high concentrations of low molecular weight cryoprotectants. In wood frogs, the cryoprotectant is glucose. Synthesis is freeze stimulated with glucose levels rising above 300 mM in core organs and blood of frozen animals, compared with about 5 mM in unfrozen controls (4, 5) . Numerous studies have analyzed the biochemical mechanisms that trigger and regulate cryoprotectant synthesis and override the normally strict homeostatic control over glucose levels in vertebrate tissues (2, 6) . Recent research has shown that changes in gene and protein expression are also integral to freezing survival, including both seasonal changes (e.g., glycogen phosphorylase activity, glucose transporters, and ice nucleating proteins all rise in the autumn) and changes that are stimulated directly by freezing (6) . For example, initial screening of a cDNA library prepared from liver of frozen wood frogs revealed four genes that were upregulated by freezing: α and γ subunits of fibrinogen (7), the mitochondrial ADP/ATP translocase (8) , and a 10-kDa protein, Fr10 (9) .
The present study reports on the discovery of a novel freeze-responsive gene in wood frog liver, termed li16, and uses Northern and Western blotting to analyze both tissue-specific and stressspecific (freezing, anoxia, dehydration) responses of the gene and its protein.
Pharmacological studies were used to analyze the involvement of a variety second-messenger influences on li16 gene expression.
MATERIALS AND METHODS

Animal treatment and tissue preparation
Adult male wood frogs (R. sylvatica) were collected in the Ottawa region from breeding ponds in early April (spring). Animals were washed in a tetracycline bath and housed in plastic boxes containing damp sphagnum moss at 5°C for at least 1 wk before use. Control frogs were sampled from this condition and were killed by pithing, and tissues were rapidly excised, frozen in liquid nitrogen, and transferred to -80°C for storage.
For freezing exposure, wood frogs were transferred to closed plastic boxes lined with damp paper towels and placed in an incubator set at -2.5°C. Preliminary tests, using frogs that were cooled with a thermistor secured to the abdomen to record body surface temperature, showed that freezing began within 45-60 min (10) . Hence, the standard freezing protocol allowed 1 h of cooling time before beginning to time the length of freezing exposure. Frogs were sampled after freezing times ranging from 2 to 24 h. Other frogs were given a 24-h freeze and then returned to 5°C and sampled over a time course of thawing.
Spring-collected frogs were also treated with anoxia or dehydration, using protocols that are 100% survivable by the animals (11, 12) . For anoxia exposure, frogs were placed in 2-L glass bottles that held 50 ml of distilled water bubbled with N 2 gas for 30 min. Bottles were immersed in ice, and gassing was continued for 15 min and then jars were capped, sealed with Parafilm, and transferred back to the 5°C incubator. Frogs were sampled after 4 or 24 h of anoxia exposure. Other frogs were given 24 h of anoxia exposure, were then transferred to jars containing a 1-cm layer of 5°C distilled water and normal air, were allowed to recover, and were sampled at various time points.
For dehydration treatments, frogs were held at 5°C in closed jars that contained a layer of silica gel desiccant on the bottom (separated from the frogs by a sponge pad). An average rate of water loss was determined (0.5-1.0% per hour) from changes in body mass over time, and animals were sampled when dehydration reached 20% or 40% of total body water (11) . Other frogs were treated with dehydration (40%), were then transferred to jars containing a 1-cm layer of distilled water, and were allowed to fully rehydrate at 5°C before sampling occurred.
cDNA library synthesis and differential screening
Total RNA was isolated from liver samples of spring wood frogs that were frozen for 8, 12, or 24 h at −2.5°C by using TRIzol reagent (GIBCO BRL, Bethesda, MD), and then mRNA was prepared using an oligo(dT) cellulose column (New England Biolabs, Beverly, MA) as described previously (7) . Aliquots of 2 µg of mRNA from each freezing treatment were combined, and a cDNA library was constructed with the Uni-ZAP XR vector cDNA synthesis kit (Stratagene, La Jolla, CA). Differential screening was performed by using 32 P-labeled single-stranded total cDNA probes prepared from poly(A) + RNA isolated from liver of control frogs (5°C acclimated) and frogs frozen for 24 h (at −2.5°C), as described previously (7) . Plaques that showed an intense signal with the freeze probe but little or no signal with the control probe were collected, and clones were rescued by in vivo excision and were converted to pBluescript circular doublestranded plasmid according to the manufacturer's instructions (Stratagene ).
DNA sequencing and analysis
pBluescript plasmid containing the clone of interest was sent to Canadian Molecular Research Services (Orleans, ON, Canada) for sequencing. Processing and translation of the nucleotide sequence were accomplished using DNAMAN v.4.11 (Lynnon Biosoft, Quebec, Canada), and the sequence was loaded into a BLAST program at the National Center for Biotechnology Information website to search for similar sequences. The translated protein sequence was further analyzed by using the ATGpr and TopPredII programs located on the Internet (at http://www.hri.co.jp/atgpr/ and http://bioweb.pasteur.fr/seqanal/interfaces/toppred.html).
Northern blot analysis
All solutions and plasticware were treated with 0.1% diethylpyrocarbonate (DEPC). The li16 cDNA fragment was obtained by digestion of the pBluescript plasmid with EcoRI and XhoI (GIBCO BRL). The cDNA was purified from the agarose gel by freezing an agarose plug at −20°C, followed by centrifugation (7500 rpm) for 7 min through a recovery barrier aerosol tip (VWR Canlab, Mississauga, ON, Canada). The 32 P-labeled DNA probe was synthesized by the random priming method with standard protocols (13) .
Total RNA was isolated from samples of frozen tissues (~50 mg) using TRIzol reagent (7) and was resuspended in DEPC-treated water. Aliquots (16 µg) of total RNA from each sample underwent electrophoresis on a formaldehyde gel according to standard protocols (13) and were blotted onto Hybond-N membrane (Amersham Biosciences, Piscataway, NJ). Blots were UVcrosslinked and baked for 1 h at 80°C in a Bio-Rad Gel Dryer (Bio-Rad, Hercules, CA). Prior to transfer, the 18S and 28S ribosomal RNA (rRNA) bands were visualized using ethidium bromide staining and photographed using Polaroid film. The 18S rRNA bands were used as an indicator of equal loading and were quantified by scanning the photograph with a ScanJet3C scanner with the DeskScan II v. Blots were prehybridized in 10 ml of Church's buffer (65°C) for 1 h prior to addition of fresh buffer (7% w/v sodium dodecyl sulfate [SDS], 0.5 M orthophosphate, pH 7.5) containing radiolabeled li16 probe (5 × 10 6 cpm). After overnight hybridization (44°C), the membranes were washed in 500 ml of 2 × standard sodium citrate (SSC) and 0.2% SDS for 10-15 min at room temperature. Blots were exposed to X-ray film, and autoradiograms were developed, scanned, and quantified as described above.
5'-rapid amplification of cDNA ends (RACE)
RACE (Marathon cDNA amplification kit; Clontech, Palo Alto, CA) was employed to obtain the 5'-sequence of the li16 transcript. Two antisense primers were prepared from the gene sequence (LI16GSP1:
5'-CTCGCTGGTGCTGGCATAGT-3'; and LI16GSP2 5'-TGTTCTCAGTGCCGCTCGGA-3'). The polymerase chain reaction was carried out in a PTC-100 thermocycler (MJ Research, Waltham, MA) with the following cycle repeated 35 times: denaturation at 94°C for 1 min, then annealing and elongation at 68°C for 4 min. The program terminated following elongation for 7 min at 72°C. Polymerase chain reaction products were sequenced by Canadian Molecular Research Services.
Liver explants
The dissection, set-up of organ culture, and ensuing experiments were carried out essentially as outlined for long-term amphibian tissue explant maintenance by Balls et al. (14) . Containers with frogs were held on crushed ice during transfer and holding at the dissection area. In a sterile fumehood, animals were pithed, and their dorsal surface was washed with 70% ethanol. The body cavity was opened by using scissors and tweezers (presoaked in ethanol and flamed). Liver was excised using different treated scissors and tweezers. Intact livers were transferred to a sterile culture dish containing 10 ml of culture medium. The culture medium consisted of 50% minimum essential medium (M-4655; Sigma Chemical, St. Louis, MO), 40% double-distilled autoclaved water, 10% heat-inactivated controlled process serum replacement (CPSR, Sigma), 100 IU/ml penicillin, 100 µg/ml streptomycin, and 2 µg/ml Fungizone. Before transfer to fresh culture medium in 15 ml of sterilized Falcon tubes, liver samples were cut into 5-8 mm 3 slices. Tissue slices were incubated for 2 h at 10°C with horizontal shaking (5-10 rpm) prior to any experimental treatments.
After the 2-h preincubation, tissue slices were treated with a variety of protocols designed to simulate some of the physiological stresses that occur during freezing. Control samples were untreated and were incubated at 10°C for a further 6 h. Experimental treatments included 1) glucose loading: tissue slices were incubated with 500 mM glucose; 2) dehydration: tissues were incubated with polyethylene glycol 8000, at a final concentration of 1% w/v to stimulate intracellular water loss; 3) freezing: samples were held in a freezer at −4°C (any sample not frozen after 2 h was nucleated); and 4) glucose loading plus freezing. All samples were incubated for a total of 8 h (2 h of preincubation + 6 h of treated incubation), and then the incubation medium was quickly removed and the samples were frozen in liquid nitrogen.
In a second study, tissue slices were incubated with a series of second messengers-dibutyryl cAMP (db-cAMP), dibutyryl cGMP (db-cGMP), and phorbol 12-myristate 13-acetate (PMA)-using a procedure recently described for Littorina littorea (15) . Briefly, stock solutions (20 mM) of each second messenger were made by dissolving sodium salts of db-cGMP or db-cAMP in distilled water and PMA in dimethylsulfoxide. Following equilibration of tissue slices for 2 h at 10°C, the medium was supplemented with one of the second messengers to the desired final concentration. Tissues were then incubated either for set times (1, 2, or 10 h) or for 2 h for the dose dependency studies. Following incubation, the medium was drained and liver slices were frozen in liquid nitrogen.
Immunoblotting
Frozen tissue samples were weighed and homogenized (1:10 w/v) in buffer containing 0.1% SDS, 0.25 M sucrose, 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 25 mM KCl, 1 mM EGTA, and 1 mM EDTA with phenylmethylsulfonyl fluoride added immediately prior to homogenization. Samples were centrifuged at 5000 rpm for 5 min at 4°C in a Biofuge 15. Supernatant soluble protein concentration was determined by the Coomassie blue dye-binding method using the Bio-Rad protein assay. SDS-polyacrylamide gel electrophoresis was performed with the discontinuous system of Laemmli (16) . Extracts were diluted 1:1 (v/v) with 2 × sample buffer, boiled for 5 min, loaded onto 15% minigels, and electrophoresed at 200 V (25 µg of soluble protein was loaded into each lane). Proteins were electroblotted to polyvinylidene difluoride membranes (Immobilon-P Transfer Membrane, Millipore, Bedford, MA) by wet transfer with prechilled solution containing 25 mM Tris pH 8.5, 192 mM glycine, and 10% v/v methanol at 4°C for 12 h at 40 V.
Rabbit antibodies were produced against a synthetic peptide (DCCQGPLCNA), corresponding to the C-terminal end of the Li16 protein, by Sigma Genosys (The Woodlands, TX). Prior to immunoblotting, membranes were blocked with 5% skim milk in Tris-buffered saline containing 0.1% Tween 20 (TBST) for 1 h. Optimum conditions for binding of the primary antibody were determined to be a 1-h incubation at 4°C and a 1:10,000 dilution of the antiserum in 5% skim milk in TBST. After blots were washed with TBST, they were incubated with horseradish peroxidase-labeled anti-rabbit IgG (Santa Cruz Biotechnology, Santa Cruz, CA) for 1 h, and hybridization signals were visualized by use of an enhanced chemiluminescence Western blot detection reagent (Amersham Biosciences).
Nuclear runoff assay
Nuclei were isolated from fresh liver of control frogs and frogs frozen for 24 h as described recently (15) . Tissue was homogenized 1:10 w/v in ice-cold buffer containing 250 mM sucrose, through cheesecloth, and 4 ml of eluant was placed on top of a 10-ml sucrose cushion prepared in a 15-ml Falcon tube. The cushion contained 2.0 M sucrose, 10% v/v glycerol, 50 mM HEPES pH 7.5, 25 mM KCl, 1 mM EGTA, and 1 mM EDTA. Nuclei were separated from other organelles and proteins by centrifugation at 13,000g for 30 min. Following the removal of the cushion, nuclei were resuspended in a buffer containing 75 mM HEPES pH 7.5, 60 mM KCl, 15 mM NaCl, 0.5 mM dithiothreitol, 0.1 mM EDTA, 0.1 mM EGTA, and 40% v/v glycerol and were stored at −80°C.
Elongation of nascent chains and isolation of RNA were performed with modifications to the technique of Birch and Schreiber (17) . Transcription was performed in a final volume of 800 µl containing 500 mM Tris pH 7.9, 100 mM NaCl, 20 mM MgCl 2 , 20 mM MnCl 2 , 1 mM dithiothreitol, 2.5 mM GTP, 500 µCi [α-
32 P]UTP, 2.5 mM CTP, 7.5 mM ATP, 20 U/ml RNasin, 25% v/v glycerol, and nuclei equivalent to ~20 mg of protein. After 30 min at 26°C, 8 U DNase (8 µl) was added and incubation was continued for 15 min. Subsequently, 150 µg /ml proteinase K (15 µl of 10 mg/ml solution) and 0.5% SDS (30 µl of 14% w/v SDS) were added, followed by incubation at 37°C for 30 min. Total RNA was isolated by using TRIzol reagent and was resuspended in DEPC-treated water.
pBluescript containing cDNAs for li16 and for two genes (EF-1γ and EF-2) that do not to change expression levels following freezing was isolated from bacterial stocks. The sequence data for R. sylvatica EF-1γ and EF-2 have been submitted to the GenBank under accession numbers AF175982 and AY069933, respectively. Plasmids were linearized, boiled for 5 min, coldsnapped on ice, and blotted to Nytran nitrocellulose. The membranes were hybridized at 42°C in Church's buffer (7% w/v SDS, 0.5 M orthophosphate, pH 7.5) with the 32 P-labeled nuclear mRNA for 12 h. Blots were then washed with increasing stringency (successive dilutions of SSC, increasing amounts of SDS) and then exposed to X-ray film. Films were developed, scanned, and quantified as described above.
RESULTS
Cloning and characterization of li16
Differential screening of an R. sylvatica cDNA library prepared from the liver of freeze-exposed frogs revealed a freeze-responsive clone (called liver 16, or li16) encoding an insert 318 bp long that contained a poly(A) tail, a polyadenylation signal, and a stop codon in the 3'-region of the transcript (Fig. 1) . RACE was used to extend the 5'-end of the transcript by an additional 128 bp, to a final length of 446 bp. Following sequencing (GenBank accession number AF175980), the longest open reading frame extended from nucleotide 3 to 347. Because the sequence contained one other potential (in-frame methionine codon) translation start site, the ATGpr program was used to predict the most likely start codon. The nucleotides neighboring the ATG codon at nucleotides 171-173 failed to match the general Kozak consensus sequence, (A/G)XXATGG (18) . The resulting open reading frame encoded a protein of 115 amino acids (Fig. 1) . A homology search in BLAST showed that neither the li16 nucleotide sequence nor the Li16 putative amino acid sequence had significant similarity to any known gene or protein.
The calculated molecular mass of Li16 is 12.8 kDa. Sixteen amino acid residues are strongly basic (lysine and arginine), and 11 are strongly acidic (aspartic and glutamic acids). The estimated isoelectric point of the protein is pH 8.29. When analyzed by using a hydrophobicity plot (DNAMAN, Lynnon Biosoft), the protein showed strong hydrophobicity near the N terminus, and the TopPredII program suggested the presence of a transmembrane region extending from amino acid 1 to 21 (19) .
Northern blot analysis of li16 expression
Northern blots confirmed the enhanced expression of li16 transcripts in response to freezing. The li16 probe bound to a single band of approximately 0.5 kb in size. Figure 2 shows the effect of exposure to freezing at −2.5°C on li16 transcript levels in the liver of spring-collected wood frogs during a time course of up to 24 h. Transcript levels increased by 1.92 ± 0.21, 2.67 ± 0.24, and 3.67 ± 0.34 times after 4, 8, and 24 h of freezing exposure, respectively. Figure 3 shows that li16 transcripts were also up-regulated by freezing exposure in wood frog heart and gut. After a 24-h freeze, transcript levels were 4.09 ± 0.49 times higher in heart and 3.73 ± 0.26 times higher in gut than in control tissues. The li16 transcripts were not detected in brain, kidney, lung, or skeletal muscle.
Expression of li16 in response to anoxia or freezing stresses was also tested (Fig. 4) . Levels of li16 transcripts in liver responded strongly to anoxia, rising by 3.04 ± 0.54 fold after 4 h of anoxia and by 7.55 ± 1.59 fold after 24 h. The loss of 20% of total body water had no effect on li16 transcript levels, but with greater water loss (40% of total body water) the level of li16 transcripts in liver increased 6.15 ± 1.50 fold.
Western blot analysis
Antiserum raised against the Li16 C-terminal peptide was used to assess protein expression. The antiserum cross-reacted with one major protein band of approximately 14 kDa (Fig. 5) , consistent with the predicted molecular mass (12.8 kDa). To confirm that the 14-kDa band was Li16, paired blots were reacted with preimmune serum and Li16 antiserum. No cross-reacting 14-kDa protein was observed with the preimmunization serum. Figure 5 indicates that Li16 protein content increased in liver during freezing and rose to higher levels after thawing. Figure 6 shows the time course of changes in Li16 protein levels during freeze-thaw in the liver of spring frogs. Li16 protein content increased with increasing time frozen, reaching 2.40 ± 0.22 times higher levels than control values after 24 h of freezing. Li16 continued to accumulate in the liver during the early hours of thawing and reached a peak after 2 h that was 3.5 times higher than the value for 24 h frozen liver. Subsequently, protein levels began to fall and returned to approximately the same level determined for 24-h frozen animals after 8 h of thawing. Figure 7 shows that Li16 protein levels also rose in response to anoxia and dehydration stresses. At 20% of total body water lost, protein levels were 1.76 ± 0.35 times higher than controls, and 40% dehydration caused levels to increase 2.16 ± 0.20 fold. However, after rehydration Li16 fell again to near control values. Li16 content in liver was particularly responsive to anoxia stress, with increases of 1.81 ± 0.38 fold after 4 h of anoxia exposure and 4.37 ± 0.55 fold after 24 h under a nitrogen gas atmosphere (Fig. 7B) . However, within 1 h following reoxygenation, the Li16 content fell to near control levels and remained low after 4 h of aerobic recovery.
Effects of freezing on Li16 protein content were also assessed in heart and gut (Fig. 8) , the two organs that showed the presence and freeze-induced up-regulation of li16 transcript levels. Li16 content in gut did not change significantly during the 24-h freeze and a 4-h thaw. However, in heart, Li16 responded strongly to freezing, with a 4.37 ± 0.30-fold increase in protein content after 24 h. After a 4-h thaw, Li16 content was reduced by about 40% compared with the 24-h frozen peak value but was still more than two times higher than control values.
Mechanisms of li16 transcriptional control
To further understand the mechanisms by which the expression of li16 transcripts was elevated, nuclear runoff assays and liver explant studies were undertaken. mRNA levels in cells are controlled at both the transcriptional and the post-transcriptional levels. Nuclear runoff assays were used to assess the rate of li16 transcript synthesis in freezing animals to determine whether increased transcription contributes to the demonstrated rise in gene expression levels. Nuclei were isolated from control and freezing frogs, and genes that were actively being transcribed were elongated in the presence of radiotracer.
32 P-labeled mRNA was then isolated and used to probe a dot blot spotted with li16 cDNA and the cDNA of two control genes (EF-1γ and EF-2) that do not change in expression level following exposure to freezing (Fig. 9) . The results showed an enhanced level of 32 P-UTP incorporation into newly synthesized li16 transcripts from the nuclei of frozen frogs, a 2.41 ± 0.12-fold increase compared with newly synthesized li16 transcript levels in control frogs.
In vitro incubations of liver slices were used to probe the signaling mechanisms, including external stressors and internal second-messenger pathways, potentially responsible for li16 upregulation during freezing. In the first series of experiments, liver slices were subjected to in vitro freezing as well as to two elements of freezing stress (hyperglycemia and dehydration) and finally to a combination of freezing and hyperglycemia. Analysis of li16 transcript levels via Northern blotting indicated that none of these treatments directly stimulated an up-regulation of li16 (data not shown). The experiments also demonstrated that li16 transcript levels did not change in response to tissue extraction, liver slice preparation, or at any time during the first 12 h of incubation (data not shown).
In a second study, tissue slices were incubated in vitro with second-messenger analogues capable of activating protein kinases A, C, and G to help determine whether any of these pathways were involved in mediating freeze-specific gene up-regulation. Table 1 shows both time-dependent and dose-dependent responses by liver slices to incubation with second messengers. The tissue explants were exposed to PMA at final concentrations of 2, 20, and 200 µM or to db-cGMP or db-cAMP at 20, 200, and 2000 µM. After 2 h of continuous stimulation, total RNA was isolated and Northern analysis was used to quantify the li16 transcript levels. Table 1 shows that li16 transcript levels were responsive to db-cGMP, with transcript levels increasing by 1.63 ± 22 and 2.53 ± 43 times following treatment with 200 and 2000 µM db-cGMP, respectively. Neither of the other messengers, at any concentration or length of incubation, had a significant impact on li16 transcript levels.
DISCUSSION
Natural freezing survival involves coordinated adjustments to metabolism to allow organisms to endure the multiple stresses (prominently including ischemia and cellular volume reduction) associated with the freezing of extracellular body fluids. Selected biochemical adaptations have been extensively studied (e.g., glucose use as a cryoprotectant; energy metabolism) (1,2), but the recent application of gene screening technology is allowing for the identification of other contributing factors (3, 6) . The present study describes the up-regulation of a novel gene, li16, during freezing and analyzes the influences on its expression. This is the second novel gene that has been associated with freezing survival in wood frogs, and together with fr10 (which encodes a 10-kDa protein) this indicates that freeze tolerance requires some unique protein adaptations.
Analysis of the li16 cDNA sequence identified multiple features indicating that the sequence encoded a true protein: a large open reading frame of 348 base pairs, a start codon, a Kozak sequence, a 5'-polyadenylation signal (AATAAA), and a poly(A) tail. The protein coding capacity of the li16 gene was ultimately confirmed when immunoblotting (using antiserum raised against the C terminus of the protein) showed strong cross-reaction with a liver protein of approximately 14 kDa, very close to the predicted size of the li16 protein product (12.8 kDa). The amino acid sequence showed strong hydrophobicity near the N terminus, and a probable transmembrane region extending from amino acid 1 to 21.
Expression of li16 was strongly up-regulated by freezing in wood frog liver, transcript levels rising progressively to reach 3.7 times higher than levels in unfrozen controls after 24 h of freezing at −2.5°C (Fig. 2) . A comparable rise in Li16 protein levels resulted in 2.4 times higher levels of the protein in liver after 24 h of freezing, and Li16 levels continued to rise for the first 2 h during thawing to reach a peak that was 3.5 times higher than in liver of frogs frozen for 24 h (Fig. 6) . With longer thawing, Li16 content decreased. The pattern of changes in li16 transcripts and Li16 protein suggests that the protein may have a function that becomes increasingly important with long-term freezing, or a function that is needed during the first few hours of thawing. The pattern of li16 transcript levels contrasts with those seen for ADP/ATP translocase and fibrinogen transcripts, which peaked at 8 h of freezing and declined with longer freezing times (12 and 24 h) (7, 8) . The peak of Li16 protein levels after 2 h of thawing also supports a potential role for the protein during long-term freezing or early thawing. Indeed, when frogs thaw at 5°C, recovery is slow, and after 1-2 h only a small percentage of the internal ice has melted. In this state, frog organs would still be under ischemic stress and would also be dealing with a major osmotic insult as organs begin to resorb the large volumes of melted ice.
The organ-specific and stress-specific expressions of li16 were also determined, as the information can be instructive when the function of a novel protein is considered. Transcripts of li16 were detected only in three organs of frogs (liver, heart, gut), and in all cases transcript levels showed a 3.5-to 4-fold increase after 24 h. Li16 protein was present in gut, but only liver and heart showed an accumulation of the protein during freezing. Li16 increased by more than 4-fold in heart during freezing and remained ~2.5-fold higher than control levels after the 24-h thaw. The limited tissue distribution of Li16 suggests a restricted, organ-specific function for the protein. The pattern is notably different from the results obtained for fr10, suggesting that the functions of the novel proteins encoded by these genes will prove to be quite different (9) . Transcripts of fr10 were found in all eight organs tested, and their levels increased significantly during freezing in all organs except kidney and skeletal muscle.
However, the presence and accumulation of Li16 in liver and heart is interesting because these two organs are the last ones to freeze in vivo. Magnetic resonance imaging has shown that ice formation begins at a peripheral site on the skin and propagates inward through the frog's body over several hours (20) . The extremities freeze first and then ice propagates through the body cavity, and as ice penetrates more and more tissues, blood circulation is cut back until ultimately the last two organs to freeze are those with the highest cryoprotectant levels (the liver, which produces the glucose, and the heart, which distributes it). These are also probably the two organs doing the most metabolic work while the frog is freezing-the heart continuing to beat against continually increasing peripheral resistance and blood viscosity and the liver synthesizing cryoprotectant and multiple proteins to provide freeze protection to itself and other organs. Once freezing shuts down breathing, this work will also be done under increasingly hypoxic and perhaps anoxic conditions that limit ATP production. A possible role for Li16 in ischemia/anoxia resistance might, therefore, be proposed. This idea is supported by the comparative analysis of li16 gene and Li16 protein expression responses in liver to anoxia and dehydration stresses. Anoxia and dehydration are two of the component stresses of freezing; anoxia (and ischemia) results when blood plasma freezes and remaining tissue oxygen supplies are consumed; dehydration is a consequence of the loss of intracellular water into extracellular ice masses. Previous studies have shown that various freezeinduced responses can be linked to either anoxia or dehydration triggers. For example, glycogenolysis is stimulated by dehydration, whereas anoxia exposure has no hyperglycemic effect (11, 12) . Freeze-induced gene expression responses are also linked to either dehydration (fibrinogen subunits, fr10) or anoxia (ADP/ATP translocase) (7) (8) (9) . The current data show that li16 transcript levels and Li16 protein content were responsive to both anoxia exposure and dehydration in liver (Figs. 4 and 7) , but the response to anoxia was more pronounced and more closely mimicked the pattern seen during freezing. Transcript levels of li16 had risen by 7.5-fold in liver after 24 h of anoxia exposure at 5°C, and protein levels were 4.4 times higher. Li16 was also very rapidly degraded when frogs were returned to aerobic conditions (Fig. 7B) . This further suggests that the protein is highly responsive to changes in oxygen content. A lesser response to dehydration occurred. Transcript levels were not affected by 20% dehydration but rose 6.2 times after 40% dehydration; the increase in protein content was only 2.2-fold in 40% dehydrated frogs (Figs. 4 and 7A) . High levels of water loss (e.g., 40-60% dehydration), but not low or medium dehydration, actually impose a hypoxia-related stress on frogs because reduced blood volume and increased blood viscosity make tissue oxygenation difficult; as a result cellular energetics are compromised and lactate accumulates (21, 22) . Hence, the response of li16 transcripts to higher levels of dehydration could have been triggered by a low oxygen signal, as probably also occurs during freezing.
Stress-induced changes in gene transcript levels are most often the result of a specific increase in gene transcription but can also be caused by transcript stabilization. The nuclear runoff assay showed that li16 transcription was indeed up-regulated during freezing (Fig. 9) . Liver nuclei isolated from freeze-exposed frogs showed substantially higher (nearly 2.5 times) incorporation of the radiotracer into elongating li16 transcripts than did nuclei from control frogs. This indicates that the freeze-stimulated increase in li16 transcript expression in liver is due to an increased rate of gene transcription.
Influences on li16 gene expression were also explored in an attempt to identify the signal or signals that mediate freeze-stimulated expression of the gene. In vitro studies with liver explants were used to evaluate the effects of external stresses (freezing, dehydration, high glucose level) and second messengers on gene expression. Levels of li16 transcripts in liver slices did not respond to any of the externally applied stresses in vitro: freezing, incubation with polyethylene glycol to dehydrate cells, or incubation with high glucose levels to mimic high cryoprotectant levels. Previous studies of cryoprotectant production using isolated wood frog hepatocytes also demonstrated that this metabolic response is not stimulated by a direct effect of freezing on liver (23) , but the hyperglycemic response to freezing is mediated by hormones (glucagon, epinephrine), hormone agonists (propranolol), and second messengers (db-cAMP) that activate protein kinase A (24, 25) . The lack of direct responsiveness by the liver to freezing and associated stresses is not surprising because the liver is a core organ that is one of the last organs to be penetrated by ice when frogs freeze (20) , yet wood frog liver glycogenolysis occurs in less than 5 min when freezing begins at a peripheral site on the skin (4). Hence, a nervous or hormonal link between a peripheral freezing signal and the activation of cryprotective responses by liver was proposed (10) . The possibility that a similar link activates gene expression responses to freezing by liver was addressed by treating liver slices with second-messenger analogues that stimulate protein kinase A, G, or C, respectively. An activation of both the cAMP and protein kinase C pathways in liver following exposure to freezing has been established in whole animal studies with wood frogs (25) (26) (27) . Interestingly, however, the data in Table 1 demonstrate that li16 transcript levels responded to only cGMP.
Recent studies have indicated that nitric oxide-and cGMP-mediated pathways are involved in reducing cell death resulting from an ischemic insult (28) . For example, studies of the role of nitric oxide in early ischemic preconditioning of cultured neonatal rat ventricular myocytes showed that the mechanism of cardioprotection was cGMP dependent (29) . The responsiveness of li16 gene expression to both anoxia stress in vivo and cGMP stimulation in vitro further supports a role for the gene and its protein product in resistance to ischemia during natural freezing. At present there is limited information about the types of genes that are cGMP responsive in stressed tissues. Transcription and regulation of some immediate early response genes and heat shock proteins are regulated by cGMP pathways. For example, transcription of cfos and junB, members of the AP-1 family of transcription factors, and the heme oxygenase-1 gene has been observed following activation of cGMP-mediated pathways (30) (31) (32) .
In summary, the current study reports on the presence of a second novel freeze-inducible gene, li16, in the wood frog and further establishes the importance of novel proteins to freeze tolerance. The study describes the gene and its putative protein, assesses changes in mRNA transcript levels and Li16 protein content, confirms a freeze-induced increase in the rate of transcription of the gene, and assesses the putative signal transduction mechanisms involved in gene activation with results that implicate the cGMP second-messenger pathway in li16 gene regulation. This characterization included the application of a tissue explant system, recently developed in our laboratory, that allows examination of the effects of external stressors on tissues and manipulation of second-messenger pathways. The results obtained with this system suggest that the observed changes in wood frog liver transcriptional patterns following exposure to freezing are not a direct response of the liver to freezing conditions but are transmitted to the liver via nervous or hormonal stimulation. The data also show that Li16 is strongly responsive to anoxia stress, which suggests that the protein may aid organ endurance of the ischemia that develops when plasma freezes. a Transcript levels of li16 were determined via Northern blotting for incubations under control (no additions) and experimental conditions. Band intensity for each sample was normalized against its own 18S rRNA band, resulting control values were set to 100, and then experimental band intensities were expressed relative to their corresponding controls. Data are means ± SE, n = 3 except for n = 4 for 2-h and 200 µM treatments with db-cGMP. *Significantly different from the corresponding control as determined by Student's t test, P < 0.05. P-UTP were hybridized to nylon membranes spotted with li16, and the cDNA of two genes (EF-1γ and EF-2) whose levels do not change in liver during freezing. B) Histogram showing mean (± SE) relative transcript levels of li16 for n = 3 independent blots for nuclei isolated from different animals and normalized to control values. Lowercase letter indicates significantly different from control: d, P < 0.001.
